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SUMMARY
As photosynthesis is the basic process during which light energy is absorbed and converted 
into organic matter, the importance of the plant pigment chlorophyll (a and b forms) as an inter-
mediary in transformation of the absorbed solar energy and its activity in the process of pho-
tosynthesis and synthesis of organic substances in plants are crucial. Therefore, this paper pro-
vides an overview of methods for monitoring the optical activity of chlorophyll molecules and 
methods (non-destructive and destructive) for quantification of chlorophyll in plants. These 
methods are used to estimate the effects of different stress factors (abiotic, biotic and xenobi-
otic) on the efficiency of photosynthesis and bioproductivity, aiming to assess the impact that 
these limiting factors have on the yield of various cultivars. Also, those methods for analysis of 
chlorophyll optical activity and/or content are appropriate for assessing the reaction of weed 
species to different agricultural practices (mineral nutrition, treatment by herbicides, etc.) and 
studies of different aspects of weed ecophysiology and their influence on crop harvest.
Keywords: Chlorophylls; Photosynthesis; Plant health
Abbreviations: LHCP2, LHCP1: antenna complexes in photosystems II and I with the main 
function of absorbing (sun)light quantum and converting it into excitation energy of chloro-
phyll molecules (excitons); PS II and PS I: photosystems II and I; RC: reaction centers of PS II and PS 
I with the function of transforming the energy of exciton into primary photochemical reaction 
and reducing the molecules of RC chlorophyll, which starts the photosynthetic electron transport; 
NADPH2: the main reducing equivalent, i.e. the product of photosynthesis with a role in synthesis 
reactions in the „dark phase of photosynthesis”; NADP: the oxidized form of NADPH2; ATP: the main 
energy equivalent, i.e. the product of photosynthesis with a function in synthesis reactions in the 
„dark phase of photosynthesis”; Qa and Qb: (plasto)quinones in PS II; D1: herbicide- (photosynthe-
sis inhibitors) and PS II (plasto)quinones-binding protein in the pigment-protein complex of PS II; 
Fd: a protein with a cofactor in PS I with the function of reducing NADP, as well as some other com-
pounds important for the metabolism of nitrogen and sulfur; Fm, F0, Fv: maximum, minimum lev-
el of fluorescence and variable fluorescence (Fm-F0); ψ (=Fv/Fm): maximum quantum efficiency 
of photosynthesis in PS II (a measure of the potential photochemical efficiency of photosynthesis)
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INTRODUCTION
In the era of modern technologies and numerous nat-
ural disasters, there is a need to increase the production 
of plant organic matter in order to meet a growing glo-
bal food demand. From the aspect of natural processes, 
this seems a simple task, there is sunlight, and a plant, 
and here comes the food. However, up-to-date biotech-
nology (i.e. plants tolerant to pesticides, drought, dis-
eases, etc.), extensive environmental pollution (green-
house gases, wastes in waters, etc.), reduction in arable 
land (urbanization and industrialization), deforesta-
tion, and other similar factors, lead to a destruction of 
natural food resources. The use of pesticides and organ-
ic food production stand in huge contrast. Farmers ap-
proach the issue from a standpoint of profit and crop 
yield, where the use of pesticides provides them with a 
feeling of security; while environmentalists believe that 
pesticides-free production protects the environment and 
human health; scientists transfer genes from one species 
to another and create genetically modified food that is 
supposed to combine both of these aspirations, although 
objections have been voiced to that approach as well. 
1.  CHLOROPHYLL: THE ESSENTIAL 
ELEMENT OF PHOTOSYNTHESIS 
Photosynthesis is the basic process of substance and 
energy circulation in nature. In the light-dependent 
phase of photosynthesis, the energy of sunlight is taken 
from a chlorophyll-protein complex, the so-called an-
tenna (LHCP2, LHCP1), and then transmitted as ex-
citation energy to the reaction centers of both photo-
systems (PS II and PS I). In RC PS II excitation ener-
gy is converted into chemical energy by releasing of an 
electron, which is accepted by pheophytin as the pri-
mary electron acceptor in PS II. The process of mole-
cule excitation and transfer of electrons goes on up to 
the NADP in PS I, which is the final electron acceptor 
in the photosynthetic electron transport chain (Mal-
kin and Niyogi, 2000). Electron transport takes place 
in the chloroplast stroma and stromal lamellae via four 
protein complexes (PS2, cytochrome b6/f complex, PS 
I and the complex of ATP- synthetase; Fuerst and Nor-
man, 1991). The electrons from RC PS II are transmit-
ted to Qa and Qb, the quinone of PS II. These electrons 
leave the D1 protein (it connects Qa and Qb quinones of 
PS2) in the form of hydroquinone, PQH2, and are trans-
ferred to cytochrome b6/f complex through the Q cycle, 
whence they undergo a noncyclic pathway from PS2 to 
PS1. In RC PS I (chlorophyll P700), the received electron 
is further transferred to an iron-sulfur protein complex 
(Fx and Fa/Fb) in PS I. Electrons in PS I are then trans-
ferred to ferredoxin (Fd), which enables the reduction of 
NADP+ into NADPH2. In addition, an electron may be 
transferred back through the cyclic pathway to the cyto-
chrome b6/f complex, which enables a conversion of qui-
none into hydroquinone and transmission of electrons 
through the thylakoid membrane, which leads to ATP 
synthesis (Moreland, 1980; Kastori, 1995; Nešković et 
al., 2003). The dark phase of photosynthesis takes place 
in the Calvin cycle. The cycle is dependent on energy 
(ATP) and reduction (NADPH2, reduced Fd) equiva-
lents created in the light reactions phase and the avail-
able CO2. Carbon dioxide is the primary substrate of 
ribulose 1,5-bisphosphate carboxylase/oxygenase (Ru-
bisco). The assimilatory segment of the Calvin cycle 
consists of five enzymes: phosphoribulokinase, Rubis-
co, 3-phosphoglycerate kinase, NADP-glyceraldehyde-
3-phosphate dehydrogenase, and triose-phosphate iso-
merase (Geiger and Servaites, 1994). Metabolic regula-
tion of this cycle enables plants to respond to a variety 
of endogenous and exogenous factors. The level of CO2 
uptake is an important component of crop productivity 
and it is almost proportional to nitrogen content (Jin-
wen et al. 2009). The whole process is based on chloro-
phyll and therefore by monitoring its content in plants 
we can determine the productivity of photosynthesis. 
Chlorophyll molecules are esters of a dicarboxylic acid 
(chlorophyllins), and four five-membered pyrrole rings 
linked together by methyl groups (-CH=) (protoporfirin 
ring) (Kitchen et al., 1981). A change in chlorophyll con-
tent is one of the most obvious symptoms of plant stress 
(Lichtenhaler, 1996; Nikolić, 1997; Lichtenhaler and 
Babani, 2004; Pavlović, 2005). Numerous genetic (gen-
otype), morphological (age and position of leaves), phys-
iological (simultaneous chlorophyll decomposition and 
synthesis processes, chlorophyll distribution in leaf mes-
ophyll) (Kastori, 1995; ByungJoo et al., 2001; Nikolić, 
1997) and abiotic factors (herbicides, temperature, rel-
ative humidity, mineral nutrition, quality of light, etc.) 
(Milivojević and Nikolić, 1998; Kastori, 1995; Ander-
son et al., 1993) affect its content in plant leaves. 
2.  OPTICAL ACTIVITY AND CONTENT  
OF CHLOROPHYLL IN LEAVES 
Determination of the optical activity and content of 
photosynthetic pigments in leaves is one of the key tech-
niques in studying the process of photosynthesis and 
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measuring plant productivity. Chlorophyll molecules 
absorb and re-emit light, a characteristic which was the 
basis for developing two basic methods: absorption 
and fluorescence monitoring of the optical activity of 
chlorophyll molecules. The method of chlorophyll flu-
orescence is used for monitoring photosynthesis in situ 
and in vivo and for estimating the impact of various 
stress factors (abiotic, biotic, xenobiotic) on this crucial 
process. It makes it possible to differentiate plant geno-
types resistant to the aforementioned stressful environ-
mental factors, and also to assess the positive impact of 
various agricultural measures on plant health (mineral 
nutrition, use of herbicides, etc.). Methods for nonde-
structive quantification of chlorophyll in plant leaves 
have also been developed. They are particularly valua-
ble in assessing nitrogen content in plants because chlo-
rophyll is one of the most important points of its accu-
mulation. Chlorophyll content can also be determined 
by destructive methods based on the Law of Lambert 
and Beer (measurement of light absorption by chloro-
phyll in plant extract).
The light energy absorbed by chlorophyll is most-
ly converted into chemical equivalents (ATP and 
NADPH2), which are used in the dark phase photo-
synthesis for CO2 fixation and the synthesis of organ-
ic molecules (Geiger and Servaites, 1994). A part of the 
absorbed energy gets lost throught: a) re-emission in the 
form of heat radiation, b) re-emission of energy in the 
form of light of longer wavelengths than the absorbed 
light (fluorescence) (Krause and Weis, 1991; Maxwell 
and Johnson, 2000; Baker, 2008). The ratio of the en-
ergy used and energy lost depends on several abiotic 
(high/low temperature, salinity and soil pH, drought, 
presence of phytotoxic elements in the soil, etc.), biotic 
(phytopathogenic viruses, bacteria, fungi, nematodes, 
arthropods and other organisms) and xenobiotic fac-
tors (pesticides, other phytotoxic chemicals, radionu-
clides and similar) and their combinations (Demmig-
Adams and Adams, 1992; Long et al., 1994; Giardi et 
al., 1997). All these factors limit the synthesis and uti-
lization of organic matter, and growth and development 
of plants (Lichtenthaler, 1996; Larcher, 2003). In order 
to alleviate the negative impact of stress factors, plants 
limit or reduce the effectiveness of light transformation 
into chemical energy by enhancing thermal or fluores-
cent light re-emission (Demmig-Adams and Adams, 
1992). The efficiency of (photo)chemical transforma-
tion of sunlight is determined by measuring the intensi-
ty of re-emitted fluorescence and calculating various rel-
ative parameters (Krause and Weis, 1991; Demmig-Ad-
ams and Adams, 1992; Maxwell and Johnson, 2000).
2.1.  Optical activity and chlorophyll content  
in leaves of intact plants
2.1.1.  Chlorophyll fluorescence - modulated  
and unmodulated
Chlorophyll fluorescence is a rapid, sensitive and re-
liable method (van Oorschot and van Leeuven, 1992; 
Maxwell and Johnson, 2000). Despite the fact that total 
fluorescence is small (1-2% of absorbed light), its meas-
urement is quick and easy, and its intensity is inversely 
proportional to the efficiency of photosynthesis (Krause 
and Weis, 1991). Fluorescence measurement yields rela-
tive values because losses of light energy are permanent 
(Maxwell and Johnson, 2000). When light is absorbed, 
plastoquinone Qa accepts an electron, which is blocked 
until transferred to plastoquinone Qb. During that time, 
RC PS II is „closed”, so that the absorbed light energy 
can be re-emitted in the form of light of higher wave-
length than the absorbed one. Proportional closing of 
RC PS II leads to an overall decrease in the efficiency of 
photochemical processes and simultaneous increasing 
of fluorescence yield (when exposing the plants to light, 
after a period in the dark). In the following minutes the 
level of fluorescence decreases, which is known as fluo-





Figure 1. Modulated chlorophyll fluorescence. Induction curves of P. vulgaris with repetitive application of saturation pulses depending on the availability of CO2. A) The leaf was exposed to air with 0.03% CO2; B) CO2 was removed from the air stream. An example of plant stress 
detected by chlorophyll fluorescence method 
 
Figure 1.  Modulated chlorophyll fluorescence. Induction curves 
of P. vulgaris with repetitive application of saturation 
pulses depending on the availability of CO2. A) The 
leaf was exposed to air with 0.03% CO2; B) CO2 as 
removed from the air stream. An example of plant 
stress detected by chlorophyll fluorescence method
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A decrease in the level of f luorescence can be at-
tributed to the activity of light-activated enzymes in-
volved in the metabolism of carbohydrates and to sto-
ma opening (photochemical quenching), as well as to 
an energy loss in the form of heat (non-photochemi-
cal quenching) (Maxwell and Johnson, 2000). These 
processes last 15-20 minutes. Fluorescence measure-
ment includes the monitoring of minimum (F0) and 
maximum fluorescence (Fm), as well as their differ-
ence, i.e. variable f luorescence (Fv). In the mid-1980s, 
the method of chlorophyll f luorescence was innovat-
ed by introducing the PAM system, i.e. the modula-
tion of chlorophyll f luorescence amplitude by double 
illumination of leaves. The leaf is exposed to contin-
uous actinic light and short (up to 1s) repetitive puls-
es of high-intensity white light (≥2000 µmol pho-
tons m-2 s-1). It then comes to a temporary „closure”/
saturation of its RC PS II centers and electron ac-
ceptors are completely reduced. A part of the ener-
gy absorbed by chlorophyll in the PS II can be used 
in photochemical reactions (Fv=Fm-F0; Gilmore, 
1997). Photochemical efficiency of photosynthesis 
(quantum yield) is calculated from the ratio of Fv/
Fm (Schreiber et al., 1986; Genty et al., 1989). The 
optimum value of Fv/Fm for healthy plants is around 
0.8 (Björkman and Demmig, 1987), so this param-
eter can be used as an indicator of whether plants 
have been exposed to stress factors (drought, herbi-
cides, etc.), i.e. whether the inhibition of photosyn-
thesis has taken place.
Many researchers have studied the impact of various 
factors on the process of photosynthesis (Long et al., 
1994; Lichtenthaler, 1996; Giardi et al., 1997; Larch-
er, 2003; Lichtenhaler and Babani, 2004). A partic-
ularly interesting aspect of this issue is the inhibition 
of photosynthesis by herbicides (Nikolić, 1997; Klem 
et al., 2002; Pavlović, 2005; Nikolić, 2007; Nikolić et 
al., 2007 a, b, c; Pavlović, 2010). The impact of atra-
zine has been most closely studied because of its fre-
quent and widespread application in the 1980s (More-
land, 1980; Ali and Machado, 1981; Ahrens et al., 
1981; Chodova et al., 1995; Gronwald et al., 1995; 
Yerkes et al., 1995; Pavlović et al., 2002, 2004, 2005, 
2006). Application of that herbicide interferes with 
photosynthesis (reducing yield of f luorescence) in all 
sensitive plants. Experiments conducted on Chenop-
odium album, Amaranthus retroflexus and Abuti-
lon theophrasti plants have revealed decreases in f lu-
orescence yield 24 hours after the application of atra-
zine (2, 4 and 8 kg ha-1) (Pavlović, 2005; Pavlović et 
al., 2006). After herbicide application, the value of 
Fv/Fm decreased from 0.8 to 0.2, which clearly in-
dicates a blocked electron transport chain and dam-
age to photosynthetic structures. Nikolić et al. (2007 
a, b, c) monitored the effect of sulphosate on maize 
plants (Zea mays) in this way. They concluded that 
the presence of this herbicide caused a reallocation 
of dry matter from leaves and the root system to the 
stem, according to a theory of „functional balance” 
(Lang and Thorpe, 1985). By combining the chloro-
phyll f luorescence method with weighing of organs 
biomass of control plants and plants treated with sul-
phosate, strong correlations were confirmed among 
assimilates reallocation, photosynthesis, bioproduc-
tivity and crop yield. It was also concluded that their 
interrelation was strongly influenced by environmen-
tal factors and plant age (Nikolić et al., 2007 a, b, c; 
Pavlović et al. 2010). Poorter and Nagel (2000) came 
to similar results in their research. Those results are 
significant for practical work because they make it eas-
ier to study the effects of herbicides on plants by apply-
ing Chl a f luorescence as a non-destructive method. 
It is important to point out that there are plant pop-
ulations that are able to cope with stress through cer-
tain mechanisms without causing a change in fluores-
cence yield, i.e. in the process of photosynthesis. Par-
ticularly important in that context are several stud-
ies carried out on cultivated plants. Based on fluores-
cence yield, a parameter of phytotoxic herbicide ef-
fect has been defined as an estimated impact of a her-
bicide on plant yield and indicator of financial viabil-
ity of its application. Thus, the effect of glyphosate 
has been monitored on Beta vulgaris (Madsen et al., 
1995), clodinafop on Hordeum murinum and Avena 
sativa (Abbaspoor and Streibig, 2005), and the effect 
of diuron on Triticum aestivum (Habash et al., 1985). 
Experiments have shown that the technique of chloro-
phyll f luorescence is a very reliable and sensitive meth-
od of monitoring physiological changes in plants un-
der the impact of herbicides. In addition, chlorophyll 
f luorescence is used in agronomic practice for solv-
ing the problem of weed resistance to herbicides. In 
plants resistant to herbicides, the Fv/Fo value is always 
around 0.8, which indicates that the process of pho-
tosynthesis has not been compromised. Van Oorschot 
and van Leeuven (1992) studied the process of pho-
tosynthesis by monitoring chlorophyll f luorescence 
after the application of chlorotoluron on Alopecurus 
myosuroides plants. They recorded a deterioration of 
some plants, but also partial or full recovery of others. 
In the latter group, there was a mutation of D1 protein 
(in photosystem II), which ensures smooth progress of 
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photosynthetic electron transport in spite of the 
present herbicides, inhibitors of photosynthesis (Ah-
rens et al., 1981; Yerkes et al., 1995; Pavlović, 2005; 
Pavlović et al., 2006). Some researchers have also used 
this method to monitor the effects of abiotic factors 
(humidity, light, mineral nutrition, etc.) on the phys-
iology and yield of cultivated plants and weeds. Ad-
aptation of plants to extreme environmental condi-
tions causes short-term chemical, molecular and phys-
iological, as well as long-term physiological, structural 
and morphological modifications (Giardi et al., 1997). 
Changes in activation, transcription and translation 
of genes often occur during acclimatization of plants 
and develop into a kind of tolerance to a stressful fac-
tor (Lichtenthaler, 1996; Giardi et al., 1997). Ober-
huber and Edwards (1993) studied the photosynthetic 
reactions in plants under conditions of extremely high 
and low temperatures. They noticed that the light en-
ergy absorbed by plants was excessive under low tem-
peratures and bright light, which affected the biopro-
ductivity and/or yield of plants (Oberhuber and Ed-
wards, 1993, Long et al., 1994). Excess energy must be 
either consumed or eliminated in order to avoid pho-
toinhibition and photooxidation during photosynthe-
sis (Demmig-Adams and Adams, 1992). Plant adap-
tation to different light intensity conditions was also 
studied by Lichtenhaler and Babani (2004). Nikolić 
et al. (2008) showed that variations in light intensity 
have impact on the photosynthesis of various plants, 
both cultivated and wild. The method of chlorophyll 
f luorescence is also used in phytopathology (Nikolić 
et al., 2011). Higher values of the parameter Fv/Fm 
were found in leaves of the vine variety Frankovka 
than in the variety Gamay tenturier infected with a 
virus. The comparison of Fv/Fm values, obtained for 
leaves from the middle parts of plants infected with vi-
rosis, revealed a greater sensitivity of Gamay tenturier 
leaves to plant viruses (Nikolić et al., 2011).
2.1.2.  High resolution fluorescence  
imaging systems
In order to analyze and describe changes in the 
process of photosynthesis and detect stress in plants, 
various types of indicators of chlorophyll activi-
ty were used at the end of the 20th century (Lich-
tenthaler, 1996; Lichtenthaler et al., 1996). Howev-
er, all these indicators were based on the principle of 
„spot measurement”, i.e. on photosynthetic activity 
measured on a small area of a single leaf. Therefore, 
the representativeness and statistical replication of 
such measurements were limited. Advanced optical 
technologies (new types of lenses, sources and detec-
tors of light of different wavelengths) have modern-
ized the f luorescence methods, i.e. it is now possi-
ble to monitor the health of entire plants, even plant 
communities. A method developed by Lichtenthal-
er (1996) – the high resolution f luorescence imag-
ing system – is based on leaf f luorescence intensity 
ratios in different parts of the visible spectrum. The 
f luorescence intensity ratios of red/far-red: F690/F740, 
blue/far-red: F440/F740 and blue/green: F440/F520 are 
quite good indicators of plant health (Lichtenthal-
er, 1996; Lichtenthaler et al., 1996). This method is 
valuable because it does not only observe the f luo-
rescence of chlorophyll (red and far-red part of the 
spectrum: F690, F740) as an indicator of photosyn-
thetic apparatus activity, but also the f luorescence of 
polyphenols (blue-green and yellow part of the spec-
trum: F440, F520) as indicators of cell wall condition 
(Lichtenthaler, 1996). The parametric relations F440/
F690 and F690/F740 are especially suitable for monitor-
ing stress effects caused by environmental factors and 
for assessing damage cause to the photosynthetic ap-
paratus. The method can generate data on a different 
f luorescence distribution along the leaf longitudinal 
and transverse axes after herbicide application (Figure 
2; Lichtenthaler, 1996). In this way, we can monitor 
the uptake and translocation of herbicides in plants, 
which may further optimize its use in efforts to sup-
press weeds and increase crop yields. Some researchers 
have studied the effects of diuron on electron trans-
port. They concluded that herbicides became bound 
to the QB-binding site, which blocks electron trans-
port (Lichtenthaler, 1988; Lichtenhaler and Rinder-
le, 1988; Szigeti et al., 1996). The result of such inhi-
bition is a decrease in the efficiency of photosynthet-
ic conversion of the absorbed light, and significant in-
crease in the emission of red (F690) and far-red (F740) 
chlorophyll f luorescence. On the other side, F690 and 
F740 in untreated plants have very low values. By mon-
itoring the f luorescence emission it is possible to de-
termine the distribution of weeds within crops af-
ter herbicide application (Lichtenhaler, 1996; Lich-
tenthaler et al., 1996), as well as the health of culti-
vated plants (Lichtenthaler et al., 1996; Lichtenhal- 
er and Babani, 2004). In addition, there are also other 
types of chlorophyll f luorescence imaging (Meyer and 
Genty, 1998; Baker et al., 2001; Leipner et al., 2001; 
Fryer et al., 2002; Simić et al., 2012), based on the im-
aging of different chlorophyll f luorescence parame-
ters described in section 2.1.1.
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Figure 2. A) False fluorescence images of the blue (F440), green (F520), red (F690) and far-red (F740) fluorescence emission in a young green leaf of Codiaeum variegatum L. Fluorescence intensities increase from dark to light shade (see scale in the figure). B) Photograph of a leaf of C. 
variegatum. 
 
Figure 2.  A) False fluorescence images of the blue (F440), 
green (F520), red (F690) and far-red (F740) 
fluorescence emission in a young green leaf of 
Codiaeum variegatum L. Fluorescence intensities 
increase from dark to light shade (see scale in  
the figure). B) Photograph of a leaf of  
C. variegatum.
2.1.3.  Other methods for monitoring the optical 
activity of chlorophyll 
While the two described methods (based on rap-
id chlorophyll f luorescence) have been widely applied 
in ecophysiological and agronomic research, methods 
based on other types of light re-emission such as ther-
moluminescence (Demeter and Govindjee, 1989), 
delayed f luorescence (Radenović et al., 1994), ultra-
weak bioluminescence (Radotić et al., 1998), and the 
like, have so far been applied only in fundamental re-
searches. However, rapid f luorescence (sections 2.1.1. 
and 2.1.2.) had itself been initially considered suit-
able only for fundamental research, until the PAM 
fluorescence measuring system was introduced in the 
early 1980s and everything changed therefrom (Sch-
reiber et al., 1986). This method is now considered 
one of the basic tools in plant ecophysiology (Max-
well and Johnson, 2000; Baker, 2008). In that sense, 
delayed f luorescence is possibly the most promising 
method (Radenović et al., 1994; Раденович et al., 
2005), accompanied of course by appropriate tech-
nical innovations.
2.1.4.  Determination of relative chlorophyll content 
by light transmittance/absorbance: SPAD meter
Determination of relative chlorophyll content using 
the SPAD meter is a quick, efficient and relatively reli-
able way of defining symptoms developed during pho-
tosynthesis as a result of plant exposure to stress. Meas-
uring chlorophyll content without sacrificing plants en-
ables the monitoring of several parameters in the same 
plants and obtaining more reliable data. High sensitiv-
ity of chloroplasts and chlorophyll grains outside the 
plant and the possibility of deriving erroneous conclu-
sions support the use of this method. High light in-
tesity induces thicker leaves, higher Chl a/b ratios and 
chlorophyll content per unit area, but lower chlorophyll 
content per unit weight or volume (Boardman, 1977; 
Khan et al., 2000; Terashima et al., 2006). Accurate 
measurement of leaf thickness is difficult and time con-
suming because leaf blade changes under pressure. Leaf 
chlorophyll content can be rapidly estimated in situ by 
SPAD (Soil Plant Analysis Development). This tech-
nique has been used for measuring the deficit of mac-
ro- and microelements in mineral nutrition of plants, 
changes in chlorophyll contents due to different illu-
mination levels, changes in plant biomass, content of N 
(Thompson et al., 1996; Gaborick, 2000; Abdelhamid, 
2003; Woonho, 2003; Nauš et al., 2010; Chao-Yi and 
Der-Ming, 2008; Jarrahi et al., 2013) and for measur-
ing the impact of herbicides on photosynthesis (Ferell 
et al., 2003). Jinwen et al. (2009) showed that leaves be-
came thinner with increasing N application and Chl 
a/b ratios decreased. Also, the sensitivity of SPAD read-
ings of the same leaves at different ages to N rates was 
assessed through coefficients of variation (CV). The 
CV of SPAD readings increased from 8.8% to 21.6% 
during leaf lifetime, which indicates that SPAD read-
ings became more and more sensitive to nitrogen rates 
as the leaves aged. Pavlović et al. (2004, 2005) studied 
the secondary effect of atrazine on the process of pho-
tosynthesis by measuring relative chlorophyll content 
with the SPAD meter. In damaged plants of C. album, 
there was a decrease in the relative content of chloro-
phyll (5 days after application), compared to healthy 
plants (Pavlović et al., 2002, 2004, 2006). The con-
tent of chlorophyll (SPAD readings) in healthy plants 
ranged from 36.04 relative units (r.u.) (resistant popu-
lation) to 36.38 r.u. (susceptible population), while the 
application of atrazine resulted in plant stress and re-
duction in relative chlorophyll content from 34.89 r.u. 
(resistant population) to 30.40 r.u. (susceptible popu-
lation) (Pavlović, 2005, Table 1).
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Table 1. Total amount of chlorophyll (r.u.) determined by SPAD meter readings
Weed population
Control plants
5 days after treatment
(8 kg ha-1 atrazine)
Average amount LSD test
R S R S C:R C:S 
Abutilon teophrasti 24.58 25.27 22.42 23.45 ns **
Amaranthus retroflexus 22.80 22.17 21.86 18.45 ns **
Chenopodium album 36.04 36.38 34.89 30.40 ** **
p<0.01**, ns-nonsignificant differences, K-control, R-resistant population, S-susceptible population
The measurements by SPAD meter showed differ-
ences in chlorophyll contents among the weed species. 
From a standpoint of suppression and control of weed 
species, the obtained results may represent important 
information. Chlorophyll content (SPAD readings) 
was in the range of 20.31-25.00 r.u. in A. retroflexus 
plants, while the results ranged from 23.95 to 25.27 
r.u. for A. teophrasti plants and from 33.14 to 37.99 
r.u. for C. album plants (Pavlović, 2005; Pavlović et 
al., 2007a, b). Damaged chloroplasts were clearly evi-
denced in plants of Conyza canadensis, C. bonariensis 
and Lolium rigidum after application of glyphosate-
trimesium (or sulphosate) (Pavlović, 2010; Pavlović 
et al., 2013). A simple and quick way of measure-
ment reading showed that chlorophyll contents had 
changed, which is a good and reliable indicator of the 
efficiency of the applied herbicide from the aspect of 
its justified use. The study included cultivated plants 
as well. Treatments of soybean and maize plants with 
sulphosate resulted in a slightly decreased chlorophyll 
content over a time period of 2-6 days after applica-
tion. Genetically modified soybean plants (GMO) re-
covered after an initial stress caused by herbicide ap-
plication, while the content in GMO maize plants was 
still slightly lower than in the control group 6 days af-
ter application. In sensitive plants of both types, the 
level of chlorophyll over time was constantly lower 
than in the control group (Pavlović, 2010). Howev-
er, measurements involving weeds (L. rigidum and 
two Conyza species, Table 2) showed that, after a pro-
nounced initial stress (2-4 days after application, Fig-
ures 3 and 4), the plants recovered (6 days after appli-
cation, Figures 3 and 4) from the effects of sulphosate 
application (Pavlović, 2010).
Figure 3.  Amount of total Chl (mg g-1 fresh weight) of C. canadensis (cc) and C. bonariensis (cb) vs. day of sampling after 
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Figure 4.  Amount of Chl a (mg g-1 fresh weight) of C. canadensis (cc) and C. bonariensis (cb) vs. day of sampling after 
treatment with 1 kg a.i. ha-1 glyphosate
Table 2.  Total amount of chlorophyll (r.u.) determined by SPAD meter readings, Lolium sp. and Conyza sp. populations
Weed population
Control plants
6 days after treatment
(1 kg a.i.ha-1 glyphosate)
Average amount LSD test
R S R S C-R C-S 
Lolium rigidum 33.43 38.33 37.06 34.69 ns **
Conyza canadensis - 48.46 - 50.81 - Ns
Conyza bonariensis - 39.17 - 43.06 - *
p<0.01**, p<0.05*, ns-nonsignificant differences, C-control, R-resistant population, S-susceptible population
Plant recovery from the effects of sulphosate showed 
that the weed species overcame stress more easily than 
the cultivated plants by activating various metabolic 
and biochemical processes. In order to determine weed 
resistance and improve the quality of application of her-
bicides, Bozic et al. (2007) measured chlorophyll con-
tents with the SPAD meter and indicated some possi-
ble effects of ALS herbicides. In contrast, tests conduct-
ed on sunflower plants and Xanthium strumarium L. 
in the field revealed no statistically significant differ-
ences in contents between untreated plants and those 
treated with ALS-inhibiting herbicides (Božić, 2010).
2.1.5.  Other optical methods for non-destructive 
determination of chlorophyll content
In addition to non-destructive determination of 
chlorophyll content in plant leaves by measuring their 
transmittance/absorbance (SPAD method), it has been 
concluded that chlorophyll fluorescence can be used for 
the same purpose. A group of researchers (Hak et al., 
1990; Babani and Lichtenthaler, 1996) came to a con-
clusion that the ratio of chlorophyll fluorescence inten-
sity, as defined by two maximums (red: F690 and far-
red: F740 or F730), is in inverse hyperbolic proportion-
ality (y=ax-b) with total chlorophyll content, so that it 
is possible to determine total chlorophyll content non-
destructively in this way. Also, Björkman and Dem-
mig (1987) found the ratio of total chlorophyll con-
tent against the Fv/Fm fluorescence parameter (meas-
ured on the same leaf) to have a sigmoidal dependence, 
which enables an approximate estimate of chlorophyll 
content in leaves by non-destructive measurement of 
Chl a fluorescence. This approach was also applied by 
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2.2.  Determination of chlorophyll content  
in the sample using a destructive method 
– extraction
The first practical confirmation of the two forms 
of chlorophyll had been given by Tswett (1903, cit. 
Nešković et al., 2003) when he separated leaf pigments 
using a chalk column. A hundred years later, we use 
spectrophotometry to analyse plant pigments extract-
ed in: 80% (v/v) acetone, dimethylformamide (DMF), 
methanol or dimethylsulfoxide (DMSO). This meth-
od of chlorophyll quantification is reliable but time-
consuming and requires great precision. The main dis-
advantage of the method is that the process of extrac-
tion can result in erroneous qualitative and quantita-
tive determination of the content of pigments (due to 
photochemical reactions, impact of ambient oxygen, 
chlorophyllase activity, pheophytinization caused by 
acids from plant tissue, etc.) (Wellburn, 1994; Jelić et 
al., 1992). The selection of solvent for extraction brings 
about a dilemma. A number of factors may affect the 
activity of a solvent: the time required for extraction, 
amount of plant material, percentage of moisture in 
plant material, preservation of extract in unchanged 
form (Jelić et al., 1992; Moran and Porath, 1980), as 
well as the fact that the extraction of Chl a is a slower 
process than that of Chl b. Light, an important envi-
ronmental factor, causes degradation of chlorophyll, so 
that extraction should be carried out in almost total ab-
sence of light (Jelić et al., 1992). Discussing the solubil-
ity of chlorophyll in a solvent, Jelić et al. (1992) showed 
that pigments were most stable in DMF, and least so in 
DMSO. Their research showed that samples extracted 
with 80 % acetone and DMF could be stored up to 6 
days without significant loss (degradation during that 
period is less than 5%), while extraction with DMSO 
required spectrophotometric analysis on the same day 
already. Using DMF, Jelić et al. (1992) extracted the 
maximum amount of chlorophyll from leaves of Gly-
cine max. (containing 60% water). They came to a con-
clusion that reduced water content in leaves decreased 
solvent efficiency and thus extended the time of extrac-
tion. In extremely dry samples, regardless of DMF pres-
ence, it is necessary to homogenize the tissue, which can 
then result in the loss of a certain amount of pigment. 
The authors observed the efficiency of chlorophyll extrac-
tion with DMSO and showed that the amount of tissue 
subjected to extraction did not affect the success of extrac-
tion process. The technique is suitable even for working 
with dry plant material. The material should not be ho-
mogenized, but immersed in 5 ml of DMSO at 600C in 
a dry heater and then the extraction can be performed.
Extraction with acetone (or some other non-polar 
solvent) involves tissue homogenization with quartz 
sand and rapid obtaining of an extract of all pigments 
(a few minutes per sample). The extract is then sepa-
rated from the quartz sand and remaining plant tissue 
by sample filtration and centrifugation. The procedure 
with DMF does not require homogenization and fur-
ther steps, but low temperature (40C) during handling 
because of a high solvent evaporation rate. Leaf sam-
ples are left in a specific amount of DMF at 40C for 24 
h, which is sufficient for chlorophyll (and carotenoids) 
extraction from young and hydrated leaf tissue. The ab-
sorbance of the chlorophylls is then quantitatively de-
termined by spectrophotometry at the wavelengths of 
maximum Chl a and Chl b absorption (λ = 647 nm and 
λ = 664 nm, Moran and Porath, 1980), while the actu-
al content of photosynthetic pigments is calculated ac-
cording to Wellburn’s formulas (1994). This procedure 
Figure 5.  Relationship of total chlorophyll content (mg m-2) and quantum efficacy of photosystem II (Fv/Fm) in young fully 
developed leaves of four- or six-week old Z. mays plants; N - week; SSRI – plants in which the source-sink ratio increases; 
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is based on the Lambert-Beer law on linear relationship 
between absorbance and concentration of pigments 
within a certain range. Pavlović et al. (2006) noted in 
C. album and A. retroflexus plants a significant reduc-
tion in total chlorophyll content after atrazine applica-
tion. The herbicide acted as a stress factor in the proc-
ess of chlorophyll synthesis, stimulating decomposition. 
Different amounts of atrazine applied to sensitive and 
partially sensitive plants led to a statistically significant 
decrease in chlorophyll content, as compared to control 
plants. However, there was not a significant decrease in 
plants that inherited D1 protein mutations. Similar re-
sults were obtained by Chodova et al. (1995) on Sene-
cio vulgaris plants. 
Methanol extraction is the simplest way to extract 
chlorophyll. Comminuted plant material (about 0.5 g) 
is added to methanol (5 ml). Chlorophyll absorption is 
read at wavelengths λ=653 and λ=666 nm. The con-
tent of chlorophyll a and b, as well as total chlorophyll 
content, are calculated by Lichtenthaler and Wellburn’s 
formula (1983). Using methanol as a solvent, Pavlović 
(2010) demonstrated the stressful effect of sulphosate 
on chlorophyll contents of both cultivated plants and 
weeds. All measured parameters (total chlorophyll, Chl 
a and b) for G. max and Z. mays showed higher tenden-
cies of decrease over time compared to the control. This 
information is very important for designing integrated 
weed control systems for various crops and for obtain-
ing good crop yields.
Difficulties in comparing the results obtained by 
different extraction techniques sometimes raise the 
question of validity of research conclusions. A partic-
ular problem is posed by the fact that the amounts of 
chlorophyll measured after extraction with various sol-
vents are hard to compare because different formulae 
are used for content calculation (Lichtenthaler, 1988). 
The defined absorption coefficients in these formu-
lae are based on measurements made with outdated 
or imprecise spectophotometers that are still in use. 
Therefore, the results obtained by different groups of 
researchers may differ, even when using the same ex-
traction solvents, and be incomparable for several rea-
sons: (I) differences in spectrophotometer resolutions 
in the range of red light wavelengths (II) the accura-
cy of readings of selected wavelengths, and (III) water 
content in analyzed tissues (Jelić et al., 1992). Well-
burn (1994) compared different Chl extraction tech-
niques (extraction using 80% and 100% acetone, chlo-
roform, diethyl ether, dimetyl formamide, dimethyl 
sulphoxide and methanol) and stressed the importance 
of interpreting the results and justified their compari-
son. It was shown that the measured concentration and 
ratios of photosynthetic pigments derived by two sets 
of equations were comparable when used with appro-
priate types of spectrophotometers but less so if inap-
propriate equations were used. The amount of extract-
ed chlorophyll may provide information on the sensi-
tivity of plants during cultivation and herbicide appli-
cation, and even indicate the manner of phytotoxic ac-
tivity of herbicides. This is how Nikolić et al. (2007 a, 
b, c) monitored the phytotoxic effect of sulphosate on 
maize plants. After herbicide application, symptoms 
were observed on plants grown in containers of differ-
ent volumes. They found the chl a content (extraction 
with DMF) to be higher or the same in both treated 
and control plants growing in pots (V-5L) (as early as 
4 days after treatment). This led to a conclusion that 
the volume of substrate, i.e. the state of plant roots, 
significantly affected the scope of phytotoxic effects 
of a herbicide. This was attributed to the fact that the 
root is where the synthesis of cytokinins (phytohor-
mones required for chlorophyll synthesis) takes place 
(Nikolić, 2007).
3. CONCLUSION
The described biophysical methods, based on fluores-
cence and absorption of light re-emitted or released by 
plant leaves, are good tools for monitoring the function-
al activity of photosynthetic apparatus and for quanti-
fication of chlorophyll. By monitoring these parame-
ters, conclusions on plant health can be drawn, and fast 
preliminary assessments made on the impact of various 
environmental factors on plant health. Also, a variety 
of studies on genetic variations important for plant re-
sistance to stressful environmental factors can be per-
formed. All described biophysical methods (based on 
chlorophyll fluorescence and absorption of light) offer 
a good choice for quick preliminary studies designed 
to determine plants’ health and their resistance to en-
vironmental factors.
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Hlorofil kao merilo zdravlja biljaka: 
agroekološki aspekti
REZIME
Kako je proces fotosinteze osnovni proces tokom kojeg se svetlosna energija apsorbu-
je i konvertuje u organsku materiju, ključni je značaj postojanja biljnog pigmenta hlorofila 
(a i b forma) kao posrednika u transformaciji apsorbovane svetlosne energije i njegove ak-
tivnosti u procesu fotosinteze i sinteze organskih materija kod biljaka. Stoga je u radu dat 
pregled metoda za praćenje optičke aktivnosti molekula hlorofila, kao i metoda (nedestruk-
tivnih i destruktivnih) kvantifikacije hlorofila u biljkama. Ove metode se primenjuju u proce-
ni uticaja različitih stresnih faktora (abiotskih, biotskih i ksenobiotskih) na efikasnost fotosin-
teze i bioproduktivnost biljaka, sa ciljem procenjivanja uticaja koji ovi ograničavajući faktori 
imaju na prinos useva. Takođe, pomenute metode za analizu optičke aktivnosti i/ili sadrža-
ja hlorofila su odgovarajuće i za procenu reakcije korova na različite poljoprivredne prakse 
(mineralna ishrana, primena herbicida i sl.) i ispitivanje različitih aspekata ekofiziologije ko-
rova i procenu njihovog uticaja na prinos useva.
Ključne reči: hlorofili, fotosinteza, zdravlje biljaka
